have been developed to produce singleand few-layer graphene. Although the acid oxidation of graphite to produce graphene oxide is one of the most widely used methods for mass production of graphene materials, it requires an additional reduction process to recover the oxidative damage of the graphitic basal plane. Furthermore, the reduction of graphene oxide cannot fully repair the damaged basal plane and often leads to a decreased hydrophilicity to causes aggregation/precipitation, and hence the loss of the unique 2D characteristics of graphene. [13] In order to retain its unique properties, electrostatic stabilization has been utilized to reduce the agglomeration of graphene. [14] On the other hand, various graphene and carbon nanotube hybrids have been developed as transparent conductive films for optoelectronics [15] and electrodes in rechargeable lithium ion batteries. [16] Among them, the 3D pillared architecture consisting of alternating graphene and vertically aligned CNT (VA-CNT) layers is of particular interest. [17] However, it remains challenging to experimentally realize such 3D pillared graphene/ VA-CNT hybrids. On the basis of our previous work [18] on the development of tunable 3D pillared graphene/VA-CNT architectures through intercalated growth of VA-CNTs into thermally expanded HOPG by pyrolysis of iron phthalocyanine, we report here a novel yet facile approach to 3D graphene/VA-CNT hybrids by a contact transfer process involving the hydrophobic-hydrophobic interactions between graphene and VACNTs (Scheme 1). We further demonstrated good, but yet not optimized, performance of the resultant 3D graphene/VA-CNT hybrids as electrode materials in supercapacitors.
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As shown in Scheme 1, the graphene film was first grown on a copper foil by CVD, [19] [20] [21] which was then etched away from the copper substrate in an aqueous solution of ) as a free-standing graphene film floating on the water surface [22, 23] (Figure 1a and Figure S1 , Supporting Information). By Langmuir-Schaefer transfer ( Figure S2 , Supporting Information), the free-standing graphene films could be easily transferred onto many substrates, including polydimethylsiloxane (PDMS), silicon wafer, and glass plate ( Figure S3 , Supporting Information). Atomic force microscope image and Raman spectrum confirmed the successful transfer of a continuous few-layer graphene film onto a glass substrate 
Supercapacitors
The exceptional electrical, optical, thermal, and mechanical properties make graphene promising for a large variety of applications. [1, 2] Consequently, various approaches, including mechanical cleavage of highly ordered pyrolytic graphite (HOPG), [3] exfoliation of graphite, [4, 5] chemical vapor deposition (CVD), [6] solvent hydrothermal reaction, [7, 8] chemical unzipping carbon nanotubes (CNTs), and acid oxidation of graphite, [9] [10] [11] [12] [13] www.advancedsciencenews.com www.particle-journal.com ( Figure S4 , Supporting Information). Sequential LangmuirSchaefer transfer of free-standing graphene and VA-CNT films should result in the formation of the 3D pillared graphene/ VA-CNT hybrids with alternating graphene and VA-CNT layers. Similar to the free-standing graphene film, therefore, it is critical to obtain a free-standing VA-CNT array floating on the water surface suitable for the Langmuir-Schaefer transfer. By following our previous work on the CVD growth of VACNTs, [24] [25] [26] we produced VA-CNT arrays, having an appropriate packing density and inter-tube van der Waals interaction, on SiO 2 /Si wafers by low pressure pyrolysis of a mixture gas of 48% Ar, 28% H 2 , 24% C 2 H 2 at 750 °C under 10-100 Torr for 10-20 min. The SiO 2 /Si substrate was then removed by immersing into an aqueous solution of hydrogen fluoride (HF) (1 wt%), leading to a free-standing VA-CNT array floating on the water surface (Figure 1b) . Simply through a LangmuirSchaefer transfer of the free-standing VA-CNT array floating on the water surface onto a pretransferred graphene film supported by a paper or PDMS substrate, we obtained a flexible bilayer graphene/VA-CNT hybrid on a paper or PDMS substrate (Figure 1c,d) . As mentioned earlier, the 3D pillared graphene/VA-CNT hybrids with alternating graphene and VA-CNT layers can be easily prepared by sequential Langmuir-Schaefer transfer of free-standing graphene and VA-CNT films. Due to its physical nature, the Langmuir-Schaefer transfer can be used to incorporate two or more different materials, including carbon allotropes, into ordered 3D multilayer architectures. Figure 2 shows scanning electron microscope (SEM) images for the resultant bilayer and multilayer 3D graphene/VA-CNT hybrids. As can be seen in Figure 2a -d, layer-by-layer assemblies with alternating graphene sheets and VA-CNT arrays have indeed been prepared by the Langmuir-Schaefer transfer. In Figure 2b , the 2D graphene sheets are visible as thin films on top of the VA-CNT pillared structure. In Figure 2d , the interfacial edge between two hybrid 3D graphene/VA-CNT is clearly shown. The 3D graphene/VA-CNT hybrid was further subjected to Raman spectroscopic measurements. As shown in Figure 3 (cf. Figure S5 , Supporting Information), the I D /I G for graphene and VA-CNT is 0.39 and 0.83, respectively. After the LangmuirSchaefer transfer, the resultant hybrid 3D graphene/VA-CNT shows an I D /I G of 0.50. The I 2D /I G ratios for graphene, VA-CNT and graphene/VA-CNT hybrid are similar (≈0.55). These results confirmed the formation of the hybrid architecture. [27, 28] To demonstrate potential applications for the graphene/ VA-CNT hybrids, we have fabricated all-solid-state supercapacitors by using the 3D CNT/graphene composite as the electrode (Figure 4a) . A piece of polyvinylidene fluoride filter membrane and a gel solution of polyvinyl alcohol (PVA) and H 3 PO 4 in water were used as the separator and electrolyte, respectively. [29, 30] The electrochemical performance of the supercapacitor was investigated by performing the cyclic voltammetric (CV), galvanostatic charge/discharge, and electrochemical impedance spectroscopic measurements. Figure 4b shows the CV curves obtained at the scan rate from 0.05 to 1.0 V s −1 . As can be seen, the CV curves retained perfect rectangular shape even when the scan rate increased up to 1.0 V s −1 , suggesting a good capacitive behavior for the 3D graphene/VA-CNT hybrid electrode. Figure 4c www.advancedsciencenews.com www.particle-journal.com ideal electrochemical double layer capacitive behavior for the 3D graphene/VA-CNT hybrid electrode. From the charge/discharge curve, a specific capacitance for the supercapacitor can be calculated using the equation of C sp = 2 × I × Δt/(S × ΔV), where I is the applied current, S is the area of active electrode in the supercapacitor, Δt is the discharging time, and ΔV is the voltage window, respectively. A specific capacitance of about 0.9 mF cm −2 (vs the electrode area) was found for a supercapacitor based on the 3D graphene/VA-CNT hybrid electrode.
The plot of specific capacitance versus current densities is given in Figure S6 in the Supporting Information, which shows that the areal specific capacitance decreases with the increase of current density. The Nyquist plot in Figure 4d shows a near vertical shape at low frequencies, suggesting a pure capacitive behavior with a low charge transfer resistance. Indeed, the series resistance of the supercapacitor is 200 Ω, which also represents a reasonably low charge transfer resistance at the interface between the electrode and electrolyte. The cycle life of the supercapacitor based on the 3D graphene/VA-CNT hybrid electrode was measured and shown in Figure S7 in the Supporting Information. As can be seen, about 80% of its capacitance was retained even after 10 000 cycles. As shown in Figure S8 in the Supporting Information, the supercapacitor based on the 3D VA-CNT/graphene hybrid electrode has a better electrochemical performance than that based on the graphene or VA-CNT electrode, proving the advantage of the hybrid 3D VA-CNT/graphene hybrid architecture. In addition, the electrochemical performance of the graphene/VA-CNT hybrid electrode can be further improved by introducing conductive polymers or metal oxide into the 3D multilayered architecture by the facile and versatile Langmuir-Schaefer transfer. In summary, we have used the Langmuir-Schaffer transfer method to develop new 3D graphene-VA-CNT hybrid architectures in a controllable manner. The resultant 3D graphene/ VA-CNT hybrids were demonstrated to be efficient electrode materials for supercapacitors with good performance, which can be further improved by increasing the layer number and/or www.advancedsciencenews.com www.particle-journal.com introducing conductive polymers or metal oxides into the multilayered architecture. The newly developed Langmuir-Schaeffer layer-by-layer transfer methodology holds great potential for fabricating various 3D architectures with many functional materials, not necessary to be limited to carbon nanomaterials, for a wide range of multifunctional applications, including energy storage and conversion, chemical/biosensing, and electrical and thermal managements.
Experimental Section
Synthesis of Graphene: Graphene films were CVD grown on 25 µm thick Cu foils (Alfa Aesar, Item No. 13382, cut into 1 cm strips) in a thermal furnace consisting of a fused silica tube (inner diameter: 22 mm) heated in a split tube furnace; several runs were done with 12.5 and 50 µm thick Cu foils (also from Aesar). A typical growth procedure includes (1) loading the fused silica tube with the Cu foil, evacuating, back filling with H 2 , heating up to 1000 °C, and maintaining an H 2 pressure of 40 mTorr under a 2 sccm flow; (2) stabilizing the Cu film at the desired temperature (1000 °C) and then introducing methane at 35 sccm and a total pressure of 500 mTorr; and (3) opening the furnace for cooling down to room temperature. The cooling rate was varied from >300 to about 40 °C min −1 , which led to graphene films with no obvious difference.
Synthesis of VA-CNTs: The vertically aligned VA-CNT arrays were synthesized by low pressure CVD on 4 × 4 mm 2 SiO 2 /Si wafers. A 10 nm thick Al layer was coated on the wafers before the deposition of 3 nm Fe film in order to enhance the attachment of grown nanotubes on the Si substrates. The catalyst coated substrate was then inserted into the quartz tube furnace and remained at 450 °C in air for 10 min, followed by pumping the furnace chamber to a pressure less than 10 mTorr. Thereafter, the growth of VA-CNT arrays was achieved by flowing a mixture gas of 48% Ar, 28% H 2 , 24% C 2 H 2 at 750 °C under 10-100 Torr for 10-20 min. The length of the resultant aligned VA-CNTs could be adjusted by controlling the deposition time and pressure.
Fabrication of 3D Graphene/VA-CNT Hybrid Films: The CVD graphene/ Cu foil was suspended in an aqueous solution of copper etchant (1 m FeCl 3 ) to etch away the copper foil and render a free-standing graphene film. Free-standing VA-CNT array can be obtained by etching away the Si/SiO 2 substrate using dilute aqueous HF solution (1 wt%). The free-standing graphene film was then transferred directly onto an Si substrate. Thereafter, the free standing VA-CNT array was transferred onto the pretransferred graphene film to form a 3D VA-CNT/graphene hybrid. Furthermore, a free-standing graphene film can be transferred on the resultant 3D structure to produce a hybrid bilayer graphene/ VA-CNT/graphene, and the above processes can be repeated to increase build the 3D structures with any layer numbers.
Fabrication of 3D Graphene/VA-CNT Supercapacitors: A gel solution containing PVA powder (1.0 g) and H 3 PO 4 (1.0 g) in water (10.0 mL) was used as the electrolyte for the all-solid-state supercapacitors. The as-prepared 3D graphene/VA-CNT composites were connected with a copper wire using silver paste, then the gel electrolyte was coated over the most part (90% length) of the hybrid, followed by drying in air at room temperature for several hours. Then, two such electrolyte-coated VA-CNT/graphene electrodes were assembled into a supercapacitor by pressing them together. 
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